This study proposes an energy-saving centric uplink scheduling (ESC-US) scheme to support efficient energy usage and satisfy the quality of service (QoS) requirements of Worldwide Interoperability for Microwave Access (WiMax) networks. The uplink resource allocation is different from that of the downlink resource allocation scheme because the uplink traffic is queued at the mobile station (MS) and the base station (BS) has no information regarding it without using a polling procedure. The considered resource scheduling schemes maximize the sleep efficiency and consider the QoS requirements of individual MSs. The proposed scheduling scheme in this study considers the delay budget of MSs with real-time connections and the required minimum reserved traffic rate (MRTR) of MSs with non-real time connections when maximizing sleep efficiency. Both scheduling schemes for the traffic of real-time polling services (rtPS) and non-real-time polling services (nrtPS) apply the 'just enough QoS' and 'sleep before transmission' (SbT) concepts to achieve this energy-saving centric objective. Exhaustive simulations were conducted to examine the performance of the proposed schemes. The simulation results show that both schemes guarantee the desired QoS and achieve superior energy-savings efficiencies compared to the conventional scheme.
Introduction
The rapid progress of broadband wireless access technologies, such as Worldwide Interoperability for Microwave Access (WiMax) [1] and long-term evolution (LTE) [2] , and power mobile devices stimulates the flourishing deployment of mobile internet services. However, the slow improvement in battery technologies [3] has led to an exponentially increasing gap between available and required battery capacities [4] . Therefore, conserving energy is a crucial factor for mobile devices in practical applications. Because wireless internet is a shared medium, device energy efficiency is affected not only by the layers that compose the point-to-point communication link but also the interaction between the links in the entire network [5] . Therefore, the efficient conservation of energy to achieve longer mobile station (MS) operation times is vital to the success of mobile internet services. Furthermore, most wireless access networks provide the quality of service (QoS) mechanism to ensure that users receive the desired service qualities of various services, such as data, voice, video, and multimedia, through appropriate radio resource allocation and scheduling at the base station (BS). WiMax defines three types of power-saving classes (PSC) for various types of traffic for the purposes of energy saving. Type I of PSC is recommended for the connection of best effort (BE) and non-real-time variable rate (NRT-VR) services. Type II of PSC is recommended for the connection of unsolicited grant service (UGS) and real-time variable rate (RT-VR) services. Type III of PSC is recommended for multicast connections and management operations. PSC I and PSC II operate alternatively between an awake and sleep mode. The sleep mode includes two operational windows: sleep window and listen window. PSC III does not contain a listen window, and its sleep cycle consists of only one predefined sleeping interval. The MS can issue a sleep request (MOB_SLP-REQ) message to its serving BS for the approval of entering sleep mode. The BS transmits the sleep response (MOB_ SLP-RSP) message to indicate whether the sleep request is accepted or rejected. Sleep parameters are provided if the request is accepted. The sleep parameters include the starting sleep time, initial sleep window size, final sleep window size, and the listen window size, which are adopted by an MS in its sleep mode. PSC I doubles its sleep window size if the BS does not inform it of the presence of data packets at its listen interval, but it is constrained by the final sleep window size. The sleep window of PSC II is consistently the same size because of the real-time requirement. The sleep management procedure defined in WiMax is generally an operational procedure that does not consider the energy-saving efficiency in real applications, especially for uplink traffic. The network side generally does not know whether mobile devices require the uplink radio resource; thus, the BS schedules the uplink radio resource based on the bandwidth request issued by mobile devices. In WiMax, an MS awakes and issues a bandwidth request (BR) message when it has traffic to send. It remains awake and waits for the uplink radio resource allocated by the BS. This situation may cause the MS to halt the sleeping mode and switch to the awake mode even when no sufficient radio resources exist for its uplink transmission. The BS is responsible for radio resource allocation and the MS may wake without transmitting any information if the BS does not allocate resources for it because of insufficient radio resources. The MS wastes its limited energy in this scenario. From an energy-saving viewpoint, an inefficient uplink scheduling scheme may cause the MS to halt the sleeping mode and switch to the awake mode even when insufficient radio resources exist for its uplink transmission. Conversely, an efficient sleep mechanism provides a longer sleep interval to reduce energy consumption and maintains QoS requirements. This study proposes the energy-saving centric uplink scheduling (ESC-US) scheme, which properly manages sleep periods to conserve the energy of MSs under the QoS constraint. In this approach, the BS schedules the traffic for a better sleeping arrangement when receiving the BR from the MS to achieve better sleep efficiency and reduce switching between the sleep and awake modes. Both real-time and non-real-time connections were considered in the proposed scheduling schemes to ensure the desired QoS of each user. The proposed ESC-US scheme applies the 'sleep before transmission' (SbT) concept using hybrid sleep arrangement policies for connections with different services to achieve better radio resource usage in a heuristic manner.
The remainder of this study is arranged as follows: Section 2 presents reviews of related studies for this topic, Section 3 presents the proposed system model, Section 4 shows this study's approach and details the proposed ESC-US scheme, Section 5 provides the simulation results of the proposed schemes with discussions, and Section 6 offers a summary of the conclusions of this study.
Related works
Several recent studies have investigated the issue of energy consumption with various sleep mode operations. Xiao [6] proposed an analytical model for the PSC I to evaluate the effects of sleep parameters and traffic load by solely considering the downlink transmission. Moreover, both the downlink and uplink transmissions were considered and proposed analytical model to evaluate the energy management in the IEEE 802.16e [7] . In [8] , the authors examined the performance in terms of the dropping probability and mean waiting time of packets in the queue of the BS by using an M/GI/1/N queuing model. In [9] , the authors presented a semi-Markov chain queuing model to derive the performance and discuss the selection of proper sleep parameters. The performance of PSC II for VoIP traffic was examined in [10] for the given network delay model by using a simulation method that additionally provided a guideline to determine the sleep interval and discover the most energy-efficient sleep interval length which satisfied the given delay constraints from the results. The authors of [11] proposed a maximum unavailability interval (MUI) scheme for the given sleep parameters of PSC II to determine the start frame number for each of the connections with various classes by applying the Chinese reminder theorem. Conversely, in [12] , the authors evaluated and compared the performance of PSC I and II. It proposed a sleep mode switching scheme based on analytical results to achieve optimal energy performance according to various traffic conditions. Conversely, a number of studies are currently considering not only energy savings but also the QoS issues as well [13] [14] [15] [16] [17] . In [13] , the authors proposed an energy-saving centric scheme for downlink scheduling. The authors presented a longest virtual burst first (LVBF) scheduling algorithm to improve the energy efficiency of MSs and meet the requirement of minimal data rates for the connection with PSC I [14] . A minimum wakeup time (MWT) scheduling scheme for PSC II was proposed in [15] to determine the maximal sleeping time for a single MS with constant bit rate (CBR) traffic and analyzed the upper bound for multiple MS power-saving scheduling with a MWT. Tsao and Chen [16] proposed two power-saving scheduling algorithms. The first algorithm is a periodic on-off scheme based on the idea of allowing an MS to sleep for a fixed interval and, subsequently, to listen for another fixed interval in a round-robin manner to determine feasible solutions for minimal energy consumption under the delay constraint. The aperiodic on-off scheme was proposed to solve the energy-wasting problem of no traffic transmission during a fixed listen period, which adjusts the length of sleep and listen periods according to the traffic status. The energy-efficient architecture for two-level scheduling was proposed in [17] . The proposed architecture sets a priority order for the first-level scheduling by assuming that a mobile and fixed station coexist in the network and that mobile stations have a higher priority than fixed stations from an energy-saving viewpoint. Their study proposed a twotimer mechanism (i.e., empty timer and overloading timer) to dynamically adjust the state transition timing to achieve optimal energy efficiency. Most previous studies considered either sleeping period management for one type of connection or sleep synchronization of multiple connections, but resource scheduling for uplink traffic from an energy saving viewpoint was seldom considered. However, a BS must serve various types of connections for multiple MSs in a practical environment. Hence, the purpose of this study is to schedule sleeping and resources in a tradeoff manner so that an MS can conserve as much energy as possible and sufficiently provision its desired QoS.
The proposed ESC-US system model
WiMax adopts orthogonal frequency division multiple access (OFDMA) technique to achieve broadband wireless access. In addition to allocating the radio resource for downlink traffic, WiMax BS manages and arranges the radio resource for the uplink traffic of each MS. In order to obtain the required bandwidth of uplink, each MS needs to issue a BR to ask BS for the radio resource for uplink transmission. On receiving the bandwidth request from the MS, traditionally, the BS allocates the radio resource to the MS as soon as possible by considering the QoS requirements, such as the delay tolerance or minimum reserved traffic rate (MRTR). However, this approach may lead the BS to continue scheduling the radio resources when the uplink traffic is still being generated and not helpful for saving energy. A better method for efficient energy savings is to allow the MS to accumulate its uplink traffic for a period without activating its transmitter and receiver (i.e., in sleep mode) and immediately provide enough radio resource for the accumulated traffic when the MS is initiating transmission.
The system model is provided in Figure 1 and the proposed scheme focuses on two major algorithms to address the scheduling, which are the bandwidth allocation algorithm and the sleep cycle decision algorithm. The uplink traffic is generated and queued at the MS and waits for scheduling. When the MS has traffic waiting for transmission, it issues a BR message to the BS to request radio resources on the reception of a polling message from the BS. The bandwidth allocation algorithm properly allocates the radio resources to the MS and decides the sleep period based on the allocation condition. The MS does not awake during the sleep period assigned by the BS despite arriving traffic during this period.
The descriptions and analysis of the proposed scheme is detailed in the following section, and the definitions of important parameters used during the analysis are listed in Table 1 .
The proposed ESC-US scheme
An MS may generally issue a sleep request in a WiMax network to a BS when it has no data to send. The BS determines whether to accept this request according to the buffer status of the MS and the QoS. Thereafter, the sleep parameters are determined together with the scheduling of the downlink traffic. In the LTE network, the user equipment (i.e., the mobile device) automatically enters the discontinuous reception and transmission (DRX) mode (i.e., sleep mode) on the expiration of the inactivity timer that is specified by eNodeB (i.e., the BS). Therefore, the BS has explicit indications and information for arranging the sleep procedure of the MS during downlink scheduling. In [18] , the energy-saving centric concept was also adopted for downlink scheduling. However, the operational scenario of the sleep arrangement with the uplink scheduling is quite different from the downlink scheduling. First, the BS has no information regarding the status of the uplink traffic, which is buffered by the MS. Second, the MS will not issue the sleep request when the uplink traffic is waiting for transmission.
To achieve this concept, the proposed ESC-US scheme schedules the radio resource for the MS in a reserving manner. Moreover, the SbT concept is applied to maximize the sleep efficiency when receiving the bandwidth request from the MS. Figure 2 shows that the BS reserves the radio resources of later frames without violating the QoS requirement when receiving the BR, and it requests the MS to enter a sleep period before its transmission at the later reserved frames in the SbT approach. The MS sends the bandwidth request, which accumulates the previously required bandwidth BR1 and the newly generated bandwidth requirement BR2 during the sleep period to the BS when it awakes. Thereafter, the BS allocates the denser radio resource to the MS to convey the uplink traffic. It shows that the proposed concept achieves better energy usage. The PSC III originally specifies the single sleeping window for the sleep management of the multicast connection. The sleep request is triggered by the BS or MS to inform the MS to sleep for only one window. Thereafter, the proposed scheme applies this characteristic for the sleep arrangement when performing uplink scheduling.
Based on the reservation concept, the BS begins allocating the bandwidth of the farthest frame backward to the nearest frame until the required bandwidth is satisfied. Moreover, the bandwidth of the farthest frame does not violate the QoS constraint of the MS. If the BS can allocate the bandwidth for the MS in the farther frames, then the BS will inform the MS to sleep until the frame with the reserved bandwidth arrives. In this scenario, the MS receives the sleep response (MOB_SLP-RSP) from the BS with the sleep duration when it issues the bandwidth request. Thereafter, the MS will immediately obtain the reserved radio resource according to the allocation specified in the uplink map (UL_MAP) message to transmit its traffic when it awakes. The purpose of the proposed algorithms is to maximize the sleep period and maintain the desired QoS. Figure 3 shows Table 1 The definitions of important parameters of the proposed scheme
Parameters Descriptions α
The predicted number of frames that the traffic generated prior to the BR issue
The mth bandwidth request issued at the nth frame for a specific MS i
Number of frames that BS will request the MS to sleep for the BR m,n issued by rtPS MS
B m
The bandwidth that needs to be allocated in the newly generated frames
The average minimum traffic rate of each frame
M i
The MRTR of the MS i, M i indicates that the BS can calculate the average bandwidth that must be allocated in each frame F i N i BS can estimate the farthest frame of this allocation based on the desired bandwidth specified in BR m,n t frame The frame duration β BS can arrange the delay of the nrtPS traffic because of the sleep period
Number of frames that BS will request the MS to sleep for the BR m,n issued by nrtPS MS
Number of bits of preallocated nrtPS bandwidth from the xth frame BW frame Number of bits that BS can allocate for MS in each frame the operational scenario between the MS and BS. This reservation-based approach allows the MS more sleeping time compared to the traditional scheme and can still maintain the QoS requirement. Moreover, the BS notifies the MS to enter a sleep period if it does not receive a bandwidth request from the MS.
When the MS awakens from a sleep period, it must issue a BR and wait for the UL_MAP for the resource allocation information if it has uplink traffic waiting for transmission. The bandwidth request issued by the MS can be categorized into the incremental based and aggregated based in the specification. The incremental- based BR approach assumes that the BS remembers the unallocated bandwidth of the previously issued BR, and the current BR is the required bandwidth of the newly generated traffic; thus, the BS adds the quantity of requested bandwidth to its current perception regarding the bandwidth needs of the connection for the incremental-based approach. When the BS receives an aggregated bandwidth request, it replaces its perception of the bandwidth needs of the connection with the full quantity of requested bandwidth. In the incremental-based approach, the MS issues a BR at each frame whenever it has traffic to be sent. Although this approach provides real-time information regarding the BR to the BS, remaining awake at each frame is inefficient from an energy-saving viewpoint. Therefore, the aggregated-based approach is adopted in this study and the MS issues the aggregated-BR during a period. When the MS wakes from the sleep period, it issues a BR to the BS if any uplink traffic is queued for transmission; otherwise, it begins a new sleep period. An MS may request more bandwidth than specified in the previous BR because traffic may be generated during the sleep period; thus, the bandwidth requested by the MS may include the bandwidth specified in the previous BR. The bandwidth requested in the previous BR message should be prescheduled by the BS at that moment, and the MS originally transmits the scheduled traffic when it awakes. Because the MS remains awake to transmit data in the prescheduled (reserved) frames, the allocation of the latest generated traffic by the BS in those prescheduled frames is better from an energy-savings and resource-usage viewpoint if those frames have available bandwidth. Therefore, the BS initially allocates the available bandwidth of the reserved frames to the required bandwidth of the MS on receiving the BR. If the residual bandwidth of the reserved frames cannot satisfy the required bandwidth, the BS seeks to schedule the unallocated bandwidth as far as possible so that the MS has a longer sleep period. The allocation scheme of the proposed ESC-US scheme is shown in Figure 4 , which shows that the proposed scheme schedules the required bandwidth to use the residual bandwidth of the frames that the MS had initially been allocated for better resource usage. If those frames are insufficient to satisfy the required bandwidth, the BS begins allocating the bandwidth backward from the farthest frame, as shown in Figure 4 . This also indicates that the MS wakes two frames prior to the frame that was allocated with the resource because the MS must send a BR message and await the resource allocation information through the UL_MAP message before transmitting the uplink traffic. For example, assume that the maximum tolerable delay of the MS i is Di frames. The MS issues a bandwidth request and the BS determines that the farthest tolerable frame for the bandwidth allocation is the (n + D i )th frame, as shown in Figure 4 , which means that the BS will allocate bandwidth for the MS no later than the next D i frames. Thereafter, the BS can allocate the resource backward for the MS from the (n + D i )th frame to the nearest frame until the required bandwidth is satisfied. Assume that the BS can allocate (reserve) the required bandwidth of the MS at the farthest three frames (i.e., the (n + D i )th, (n + D i − 1)th, and (n + D i − 2)th frames of the current frame). Thereafter, the BS can request the MS to enter sleep mode until the (n + D i − 4)th frame. The MS wakes to send its BR to the BS at the (n + D i − 4)th frame, and the BS provides the radio resource allocation information in the UL-MAP at the next (n + D i − 3)th frame so that the MS can begin transmitting its uplink traffic at the next (n + D i − 2)th frame of the current frame. For the example shown in Figure 4 , when the BS receives the BR at the current frame, it initially allocates the residual bandwidth of the three prescheduled frames and allocates the bandwidth of the farthest three frames for the MS. Thereafter, the BS will provide the resource allocation information at the next frame of the current frame and informs the MS to enter sleep mode at the last prescheduled frame. In the proposed scheme, the resource allocation bases regarding the provisioning of the 'just enough' QoS and length of the sleep period on effective resource allocation. The BS may not allow the MS to sleep if the sleep period is shorter than a specific threshold because the frequent state change may result in a higher consumption of energy. If the MS transmits its data completely and has no queued data to send, it will not issue a BR when polled by the BS. In this scenario, the BS will request MS to enter sleep mode for the period of the tolerable delay.
The proposed scheme shall decide the farthest frame that can be allocated for the issued BR without violating the desired QoS. The real-time polling service (rtPS) and non-real-time polling service (nrtPS) have different QoS requirements. The delay tolerance is critical for rtPS connections, but the MRTR is a major parameter for nrtPS connections when fair resource usage is concerned. Therefore, the acceptable farthest frames of the rtPS connection and nrtPS connection are decided in a different manner.
The proposed ESC-US scheme adopts the reservationbased approach to allocate the radio resources for the MS to maximize the sleep period or minimize the idle period. The resource allocation scheme tends to support the just enough QoS requirement, and the SbT concept manages the sleep operation more efficiently to conserve more energy. For the rtPS connection, the proposed scheme uses the delay tolerance as the performance index for traffic scheduling. On receiving the BR from MS, if the MS has not been allocated with radio resources for the required bandwidth or the residual bandwidth of the pre-scheduled frames for the MS, they will be insufficient for the required bandwidth; thus, the BS will decide the farthest frame, which satisfies the maximum delay tolerance to backwardly allocate the radio resource. The MS may request more bandwidth than that specified in the previous BR because traffic may be generated during the sleep period. In this scenario, bandwidth needs to be allocated in addition to the newly generated traffic to satisfy the delay requirement. The BS can determine its delay tolerance as D i − α in the same manner as the traffic generated during the sleep period. Assume that the BS has arranged f frames to convey the required bandwidth issued by BR m−1,x , and the MS will transmit its uplink data from the (n + 2)th frame to the (n + 1 + f )th frame when it awakes at the nth frame. Therefore, the difference of the bandwidths specified in BR m−1,x and BR m,n is the traffic generated during the sleep period after BR m−1,x was issued. If BR m,n equals BR m−1,x , it means that no traffic was generated during the sleep period. Because the bandwidth specified in BR m−1,x is allocated, the BS is only required to schedule the newly generated traffic. The BS initially begins allocating the available radio resource to the required bandwidth of the newly generated traffic from the (n + 2)th frame to the (n + 1 + f)th frame and allocates the resource from the farthest frames if it is insufficient. Therefore, the BS will request the MS to sleep for the period of K rt m frames for the BR m,n issued by MS, which can be expressed as
where
where |BR m,n | and |BR m−1,x | denote the required bandwidth specified in the BR m,n and BR m−1,x messages, respectively. The function of BWD(x,y) allocates the bandwidth from the farthest frame x backward to the nearest frame for the required bandwidth y and returns the number of the nearest frame after allocation. It can be calculated by decreasing the bandwidth that can be allocated in prescheduled frames from the newly generated bandwidth, which is the difference between the bandwidths specified in the BR m−1,x and BR m,n messages. The function Av i (a, b) in (3) calculates the available bandwidth from the ath frame to the bth frame of MS i. The newly generated required bandwidth may be fully allocated in the prescheduled frames. Thereafter, B m is zero. In this scenario, BWD(n + D i − α,0) equals n + D i − α, and it makes the sleep period k (2), as shown in Figure 4 .
For the nrtPS connection, the proposed scheme uses MRTR as the performance index to maximize the sleep efficiency. The MRTR specifies the minimum bandwidth that the BS provides for nrtPS traffic. Although the nrtPS does not specify the maximum delay tolerance, the required MRTR implicitly indicates the acceptable delay or the farthest frame for bandwidth allocation. In this scenario, the BS is on average assumed to provide the MRTR of the MS in each frame when it issues a BR to the BS. However, rather than allocating even bandwidth to the MS in a frame-byframe manner, the BS requests the MS to enter sleep mode and allocates the burst bandwidth to the MS when it awakes. The average minimum traffic rate of each frame F i can be derived from the MRTR and the length of the frame duration is as follows:
and
For example, if M i is 1 Mbps and the frame duration is 10 ms, then F i is 10 kbits. The value of B m for nrtPS traffic is the same as (3) and the sleep period of the nrtPS connection K nrt m is similar to that of rtPS traffic as shown in Equation 6 .
For the nrtPS traffic, there is no delay constraint. Thus, the BS is not required to predict when the uplink was generated. The larger value of β is the shorter sleep period and the transmission delay the MS acquires. A negative β value indicates that the MS can acquire a much longer sleep period, but the MRTR requirement may not be satisfied if the MS has data to transmit.
The resource may be insufficient when the BS allocates the required bandwidth of the rtPS connection backward from the farthest frame to the nearest. In this scenario, the overflow traffic is discarded because the BS cannot satisfy the delay requirement of the rtPS traffic. The proposed scheme may alternatively apply the preemptive approach to allow the BS to reschedule the resource that is allocated to the nrtPS traffic for the allocation of the rtPS traffic. Moreover, the preemption starts backwards from the farthest frame to the nearest, as shown in Figure 5 . Following the preemption, the BS allocates the available resources after the farthest frame of the MS that issues the BR, as shown in Figure 5 ; thus, if the BS preempts P nrt x bits, the BS must allocate bandwidth for the P nrt x bits in the farther frames. Although the preemption alternative provides more bandwidth to satisfy the rtPS traffic, it may affect the nrtPS MS toward transmitting data when it awakes because its reserved bandwidth has been rescheduled to later frames. Because switching from one mode to another consumes energy, the threshold control approach can be applied to define the minimum sleep period to prevent the MS from frequently oscillating between the sleep and active modes; therefore, if the calculated sleep period (either K rt m or K nrt m ) is shorter than the defined SLEEP_ THRESHOLD, the BS will not allow the MS to enter sleep mode.
Algorithm 1 shows the procedure of the rtPS scheduling, and lines 1 to 29 state the allocation steps for the rtPS connection. In lines 3 to 5, the BS allocates the bandwidth for the requesting MS with the nearest frames to the previously reserved bandwidth for the MS. The BS allocates the radio resources from the farthest frame in lines 4 to 16 if no radio resources remain in the nearest frame that has pre-reserved radio resources for the MS. The BS initially chooses the frame in which a portion of the radio resources was pre-reserved for the MS during allocation. The BS arranges the MS to enter sleep mode if the number of consecutive frames (not reserved for the MS) exceeds the SLEEP_THRESHOLD after bandwidth scheduling. Lines 30 to 33 determine whether the MS can enter sleep mode and sets the sleep period as K rt i frames. Because the nrtPS traffic has no delay constraint, the rtPS connection can optionally preempt the previously reserved bandwidth for the nrtPS traffic to reduce the Figure 5 The preemption starts backwards from the farthest frame to the nearest.
packet-dropping date, as stated in lines 19 to 21. The preemption procedure is provided in lines 34 to 43. The preempted bandwidth is rescheduled at the frame in which nrtPS MS has been previously allocated, and if insufficient, the BS will allocate them after the (n + D i − α + 1)th frame.
Algorithm 2 shows the procedure of the nrtPS scheduling. The main difference between nrtPS scheduling and rtPS scheduling is that the nrtPS has no delay constraint and it can be allocated with bandwidth after the (n + N i − β + 1)th frame until its bandwidth requirement has been satisfied.
Performance simulation
To examine the performance of the proposed scheme, both the VoIP and FTP traffic models were used as realtime traffic and non-real-time traffic for exhaustive simulations, respectively. Exhaustive simulations were conducted to compare the results of the proposed algorithm and the traditional algorithm in different scenarios. The traditional algorithm is contrary to the proposed SbT concept: the BS allocates bandwidth to the MS on receiving the BR and the MS enters sleep mode when the number of consecutive frames for sleep is more than the SLEEP_THRESHOLD but awakens when uplink traffic generates. Each MS is assumed to establish either one real-time or non-real-time connection, and the channel condition is assumed to be unchanged. If the channel condition is considered, only the parameter BW frame of the proposed schemes needs to be adjusted to vary according to the channel condition received by the MS at the allocation time. Thus, although the channel condition will affect the system performance, the main design concept of the proposed scheme is unaffected. The parameters used for simulations are shown in Table 2 . The VoIP traffic is generated for the real-time connection, and its characteristics are specified in Table 3 [19] . Two types of maximum delay requirements are further assumed for the VoIP connections: Class I is 50 ms (10 frames) and Class II is 75 ms (15 frames). The packets of non-real-time connections arrive in the Poisson distribution and in exponentially distributed packet sizes. The mean packet interarrival time is 100 ms, and the mean packet size is 15 kbits. Moreover, two MRTR requirements exist for the non-realtime connection. The MRTR requirements of Class I and II are 700 and 1,500 bits per frame, respectively. The parameters α and β were assumed to be 2 , respectively, and the SLEEP_THRESHOLD was set to be three frames in length during the simulations.
The relationship between energy consumption and symbol duration was studied in [20] and [21] to determine circuit power and transmission power for overall energy efficiency. The authors indicate that the transmission power and the circuit power have different consumption models with respect to the transmission time per bit. In this paper, there is no variance for the transmission time per bit in the transmission system; hence, we consider the sleep efficiency in term of the percentage of frames that MS sleeps. In addition, the following performance index are also compared: average delay time (in terms of number of frames), sufficient rate of rtPS connections, and average MRTR of nrtPS connections. The sufficient rate is defined as the ratio of the actual bandwidth allocated for the MS to its requested bandwidth. The MRTR and the sufficient rate were examined to determine whether the proposed scheme can allocate sufficient radio resources in each allocated frame for the nrtPS traffic. MRTR ρ is defined as
where N p is number of sent packets, P s and N f denote the packet size and the number of used frames, respectively. The average sleep efficiency is defined as the average percentage of the number of sleep frames to the number of total frames per connection during the simulations. Figure 6 shows the sleep percentage, sufficient rate, and average delay results of the rtPS MS for the different numbers of rtPS MS. The number of nrtPS connections is fixed at 10. The simulation results show that the proposed scheme has better sleep efficiencies for both connections compared to the traditional scheme. The results demonstrate that the proposed scheme can improve the sleep efficiency by up to 20% to 25%. The rtPS Class II connection has a better sleep efficiency than the rtPS Class I connection. The main reason is that Class II has a longer delay tolerance than Class I, and therefore has a higher probability to arrange longer sleep periods, which additionally indicates that sufficient rates of the non-preemption schemes decrease as the number of rtPS MS increases. The main reason for this occurrence is that the rtPS cannot preempt the reserved bandwidth for the nrtPS in non-preemptive cases and the sufficient rate decreases as the traffic load increases because of the increase in rtPS connections. This phenomenon does not exist in the preemptive and traditional schemes. Figure 6 (c) shows the performances of the average delays, which indicates that the proposed scheme has longer delay times than the traditional scheme. The average delay time of the rtPS Class I and Class II are 5 and 7.5 frames, as shown in Figure 6 (c), respectively. However, they are still under the required maximum delay tolerance (10 frames and 15 frames, respectively) because the proposed scheme adopts the just enough QoS concept to conserve energy.
Fixed number of nrtPS MS
The MRTR was examined to determine whether the proposed scheme can allocate sufficient radio resources in each allocated frame for the nrtPS traffic but still conserve energy. Figure 7 shows the sleep percentage and MRTR results of the nrtPS MS for the number of rtPS MSs. Figure 7a shows that the proposed scheme has better sleep percentages than those of the traditional scheme, especially when the number of MSs increases. Moreover, it shows that the MRTR of the proposed scheme is less than that of the traditional scheme, but they still satisfy the assumed MRTR requirements of 700 and 1,500 bits per frame, respectively. The results satisfy the just enough QoS concept used in the proposed scheme. Figure 8 shows the results of the sleep percentages, sufficiency rates, and average delay results of the rtPS MS. Figure 9 provides the results of the sleep percentages and MRTR of the nrtPS MS. The numbers of the rtPS and nrtPS connections in this simulation are 40 and 10, respectively. In Figure 8 , the sleep efficiency decreases as the on/off ratio increases because of the longer "on" duration. The sufficient rate of the non-preemptive schemes is less than 100% as explained in the previous simulation. Although the proposed schemes have higher delay times than the traditional scheme, the desired performance is still satisfied. The results shown in Figure 9 indicate that the sleep efficiencies of the proposed schemes perform better than those of the traditional scheme and still satisfy the required MRTR.
Effect of rtPS on/off ratio

Sleep threshold effect for MS
The traditional and proposed schemes define a threshold to prevent MSs from frequently switching modes in the Tables 4  and 5 . The sleep percentages decrease as the threshold increases because the MS will be unable to enter sleep mode if the number of consecutive frames for sleep is less than the specified threshold following radio resource allocation. The traditional scheme schedules the radio resource to the MS as soon as possible on receiving the BR. Thereafter, the BS always allocates the nearest frames, which have residual radio resources. They are allocated to the MS without considering the provisioning of the just enough delay tolerance to achieve longer consecutive frames for sleep. Therefore, the sleep percentage of the traditional scheme is less than that of the proposed scheme, as shown in the tables. The delay tolerances of rtPS Classes I and II in the simulation are assumed to be 10 and 15 frames, respectively. Equation 2 of Section 3 indicated that the MS must awaken two frames earlier to receive the UL-MAP to know when to and which frame to transmit data to. The maximum sleep periods of rtPS Classes I and II are 7 and 12 frames, respectively. Therefore, the Class I rtPS MS is unable to enter sleep mode when the sleep threshold is greater than 7. The Class II rtPS MS is unable to enter sleep mode if the threshold is greater than 12.
The performance of the average delay is provided in Figure 10 . It shows that the average delay increases as the threshold value increases, but the average delays of the Class I and Class II rtPS MSs decrease sharply for the threshold values, which equal 8 and 13, respectively. The main reason is that the MS mostly remains awake for such large threshold values and the data packets have a tendency to be delivered in shorter delays.
Conclusion
The uplink scheduling scheme is proposed from an energy-saving viewpoint in this study. Contrary to the traditional concept, the novel SbT concept is introduced in the proposed ESC-US scheme. The proposed scheme analyzes the sleep efficiency with the QoS constraints to determine whether the MS is suitable to enter sleep mode and calculates the proper sleep period in a systematic manner if the MS can enter sleep mode. Both rtPS and nrtPS connections are considered in the proposed scheme. The main achievement of this study was improving the energy-saving efficiency under the desired QoS constraint. The proposed scheme arranged the radio resources to satisfy its QoS in a just enough manner to maximize the sleep efficiency. Several performance indices, such as the average delay, sleep efficiency, sufficient rate, and MRTR, were examined through exhaustive simulations. The performance of the proposed scheme is compared to the traditional uplink scheduling scheme. The simulation results demonstrate that the proposed SbT concept is meaningful and the energy-saving performance is superior to the traditional scheme. The simulation results clearly show the tradeoff between energy savings and performance. The proposed SbT with the just enough QoS concept provides an alternative method for considering the tradeoff issue. Additionally, the approach can be adopted for LTE network by extending the proposed concept to be applied for the relative power-saving parameters such as the decision of DRX cycles. Although the ESC-based uplink scheduling algorithm is proposed in this study and downlink scheduling is proposed in [18] , the integration of the downlink and uplink energy-saving centric scheduling is more complex. Further study for the harmonic operation between these two independent algorithms is required to maximize the overall system performance.
